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Abstract 
Recent experimentation and speculation about the design of a sensitive detector for high-frequency gravitational 
waves (HFGW) has centered around a number of principles. Those detectors that have been built so far have not yet 
realized sensitivity sufficient to investigate the cosmic high-frequency relic gravitational wave background, 
analogous to the cosmic microwave background. A proposal for a more sensitive HFGW detector due to Baker and 
based upon a principle first enunciated by Li and co-workers has become known as the Li-Baker detector. Its possible 
design details are currently the subject of scientific debate. One significant aspect concerns the design of the 
reflector(s) needed to direct the photons produced by the incident HFGW towards a set of microwave receivers. If the 
reflector(s) is(are) placed within a Gaussian microwave beam, then they become sources of diffraction that can 
potentially overpower the required signal because the diffracted power will not be distinguishable from photons 
produced by interaction with the HFGW. This means that diffraction is potentially a source of shot noise at the 
microwave receivers and, if extreme, may also swamp the receivers. In this paper some estimates of this diffraction 
are obtained and the design of the reflector(s) is discussed. The Li-Baker detector must be designed in such a way that 
the diffraction reaching the microwave receivers is reduced as far as possible by employing a suitable geometry and 
highly absorbent walls for the interaction volume.  
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1.  Introduction 
Gravitational waves and their applications are now becoming an important emerging technology. The 
initial theoretical work of Einstein [1], Forward and Miller [2], and Romero and Dehnen [3] laid the 
foundations that have supported subsequent experimentation. Hulse’s [4] and Taylor’s [5] observations 
indirectly confirmed the existence of gravitational waves (GWs) of astronomical origin and eliminated 
any remaining skepticism concerning their existence and nature. More recently, the properties of high-
frequency gravitational waves (HFGWs, defined by Douglass and Braginsky [6] as GWs having a 
frequency between 100kHz and 100MHz) and very-high-frequency gravitational waves (VHFGWs, 
defined by Douglass and Braginsky [6] as GWs having a frequency between 100MHz and 100GHz) have 
been investigated theoretically. Typical proposed HFGW laboratory generators [7] are predicted to 
produce a GW signal that has a constant polarization angle, unlike a rotating binary star system in which 
the polarization angle rotates at twice the orbital frequency. For a binary star system in circular orbit, the 
GW emitted amplitude is constant whereas the predicted GW detected signal varies at the detector due to 
the shift in polarization. Woods [8,9] has speculated upon applications of reported interactions of HFGWs 
with superconductors, which if confirmed would allow an entirely new field of HFGW optics to be 
developed.  
There appears to be a fundamental problem regarding generation of GWs of all frequencies: enormous 
power input is required to produce even a tiny GW power output. At very low frequencies, only massive 
bodies of astronomical size are predicted to produce significant GWs while orbiting. Subsequent 
development has included the large-scale LISA, LIGO, Virgo, GEO600 and other interferometer-based 
projects for low-frequency gravitational wave detection. However, these highly-developed detectors have 
yet to confirm the observation of GWs directly, thus illustrating the low ratio of input to output power in 
typical celestial generators. Suggestions for alternative terrestrial generators have included mechanical 
devices [2,10], fundamental quantum and electromagnetic interactions [11,12], interactions involving 
superconductors [13], electromagnetic actuators [14], piezoelectric actuators [3], acoustic resonators using 
magnetron excitation [7,15], and nuclear explosions [16,17]. In most cases the generated VHFGW power 
is a minute fraction of the input power needed to create the required excitation. Only on using a nuclear 
interaction is the output power likely to be significant. However, this approach seems not to be a practical 
GW generation method that can potentially achieve wide market penetration, at least in the near future. 
The total quadrupole GW power radiated by a rotating rod is proportional to the sixth power of the 
rotational frequency [18] so there is also considerable advantage in working at higher frequencies. The 
most promising terrestrial VHFGW generator postulated so far appears to be an array of piezoelectric 
acoustic resonators arranged in a circle [7]. The basic reason for this arrangement being so promising is 
that, as well as operating at the highest frequency readily accessible using current technology, the high 
quality factor (Q) of the resonating structure ensures a corresponding enhancement of the radiated power 
of the GW produced. Woods and Baker [19] also proposed a possible HFGW generator operating at even 
higher frequency (equivalent to electromagnetic infra-red) exploiting intra-molecular bond vibrations.  
Current developments in HFGW detectors are slightly more advanced. A number of instruments 
intended for detection of HFGW have been constructed. These include designs by Chincarini and Gemme 
[20] using coupled microwave resonant cavities and by Cruise [21] utilizing interactions in waveguides. 
Woods [22] proposed a novel type of HFGW detector using an acoustic resonator and originally intended 
rather as a test of HFGW interaction with superconducting materials. Finally, a proposed detector design 
that has been the subject of some scientific debate recently is due to Baker [23] and based upon a 
theoretical development originally due to Li [24]. The basic concept of the Li-Baker detector [25] is a new 
synchro-resonance solution of the Einstein equations, related to but not the same as the Gertsenshtein 
effect (or inverse Gertsenshtein effect). In his classic paper, Gertsenshtein [11] described how the non-
linearity of Einstein’s field equations required that in the presence of a static electric or magnetic field, 
68   R.C. Woods /  Physics Procedia  38 ( 2012 )  66 – 76 
electromagnetic (EM) wave propagation generated an associated coupled GW. In addition, if a static 
magnetic (or static electric) field is superimposed upon a GW propagating perpendicular to the field 
direction, the two will interact to generate an EM wave in the same direction as the GW (the inverse 
Gertsenshtein effect). The amplitude of the generated wave is, however, so small that practical 
exploitation of this effect is fraught with apparently insuperable difficulties. Li’s [24] new synchro-
resonance solution of Einstein’s field equations, by contrast, identifies a coupling between EM and 
gravitational waves that arises according to the theory of relativity.  
Aspects of the design of the proposed Li-Baker detector have been presented and discussed previously 
[26], and one important issue still needing further work is that of reducing the effect of spillover of EM 
radiation from an EM wave that is introduced in the detector to interact with the incident GW. This is a 
potentially difficult problem because the microwave receivers intended for detecting the presence of the 
PPF must be extremely sensitive, and the EM wave power needed for significant interaction with the 
incident GWs is extremely high, so that spillover of even small proportions might saturate the microwave 
receivers. Some previous work on this problem has been published by the present author [27], and the 
present paper examines the further consequences of using a slightly different geometrical arrangement 
than examined previously [27] which has been proposed for the Li-Baker detector.  
 
Nomenclature 
A obliquity factor k wavenumber (rad m–1) 
d angle of diffraction (q) s length measured along reflector (m) 
i angle of incidence (q)  
2. The Li-Baker detector 
A sketch of the complete Li-Baker detector is shown in Fig. 1. The detector has four major 
components:  
x A Gaussian microwave beam (GB) directed along the +z-axis at the frequency of intended GW 
detection [28], typically in the GHz band, in the same direction as the HFGW to be detected;  
x static magnetic field B directed along the y-axis;  
x narrow-band reflector(s) which might be implemented as fractal membrane(s) [29,30,31]; and  
x high-sensitivity microwave receivers.  
Placing the reflector(s) outside the GB embodies the geometry specified in Fig. 4 of Stephenson [32]. 
In a slightly different arrangement shown in the inset of Fig. 1, from Fig. 8 of Baker, Stephenson and Li 
[23], the reflector(s) are placed within the GB and inclined at an angle to it, to reflect the signal photons 
onto the microwave receivers from within the GB (in a manner reminiscent of a classical Herschelian 
telescope). (Some alternative arrangements have also been suggested, such as using “microwave lenses” 
outside the GB to focus the PPF onto the receivers, or a double-sided reflector within the GB.) The 
classical inverse Gertsenshtein effect [11] predicts a simple interaction between a static magnetic field 
and a GW; the major difference in this detector is the addition of the GB that is required for exploitation 
of the more efficient Li effect [24]. In the Li-Baker detector, with a z-directed GW parallel to the GB 
propagation direction, an EM wave in the x-direction will be generated (in first order according to Li et 
al.’s [24] analysis, and consisting of photons referred to as the perturbative photon flux or PPF). This 
contrasts with the z-directed EM wave generated in the inverse Gertsenshtein effect [11]. The design of 
the detector is then intended to isolate this PPF and to distinguish it from the added GB, so that the GW is 
therefore detected by the presence of the PPF. The detection flux (PPF) is generated when the two 
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incident waves (GB and GW) have the same frequency and a uniform phase difference along the z-axis 
(i.e., they are coherent in both space and time, the synchro-resonance condition). The PPF, comprising 
detection photons, is produced at the overlap of the static magnetic field, B, and the GB; the PPF travels 
in both directions on the x-axis, perpendicularly both to B (in the y-direction) and to the direction of the 
wave coherence. Therefore, the PPF can be intercepted by receivers located in regions in the detector (on 
the x-axis, well away from the z-axis) that are relatively free of shot noise originating directly from 
spillover of the GB, since the photons from the GB or added EM wave (the background photon flux, or 
BPF) travel in the z-direction and, except for scattering, will not reach the receivers located on the x-axis. 
A resonant cavity can be used to enhance the amplitude of the resultant effect. The resultant conversion 
efficiency is much greater than from the inverse Gertsenshtein effect as exploited in previously proposed 
HFGW detectors. The proposed Li-Baker detector is sensitive to HFGWs directed along the +z-axis, and 
the geometrical arrangement of the major components around this, as shown in Fig. 1, is the key to its 
operation. Using typical design parameters, Li et al. [25] predict a strain sensitivity of 10–32 to 10–30 for 
the Li-Baker detector.  
 
 
Fig. 1. Basic layout of the Li-Baker HFGW detector [32] using external reflectors. Inset, bottom left: modified layout 
using internal reflector [23].  
 
Potentially a significant problem in the design of this detector is that of microwave power finding its 
way from the Gaussian beam to the receivers without any interaction with the incident HFGW. The 
microwave source for this beam is estimated to produce on the order of 1kW or more for a detector of 
reasonable sensitivity [25] and the microwave receivers must be low-noise amplifiers capable of detecting 
signals produced by interaction with HFGWs that are at or near the noise floor. This requires a high 
degree of isolation between the microwave source and the receivers. Woods [27] examined the case 
where the reflectors are well outside the Gaussian Beam, as shown in the main diagram of Fig. 1, and 
found that the width of the Gaussian Beam was a critical design feature of the Li-Baker detector. 
Nevertheless, the case where the reflector(s) is(are) embedded in the Gaussian Beam, as shown in the 
inset to Fig. 1, has been preferred by some designers [23]. The objective of the present paper is to 
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examine this configuration in detail and to estimate the magnitude of the diffraction from the Gaussian 
beam that will be detected at the receivers, under free-space conditions. If too great, steps will need to be 
taken to minimize or reduce it to acceptable levels.  
3. Introduction to diffraction theory 
The concept of wave diffraction is central to the theory of physical optics. In fact, diffraction may be 
thought of as the mechanism by which an electromagnetic wave propagates through free space as well as 
how it interacts with obstacles and apertures. The first successful attempt to describe simple physical 
optical phenomena was the famous principle of Huygens, enunciated in the seventeenth century, which 
was developed in conjunction with the wave theory of light. Huygens’s principle states that every point 
on an advancing wavefront (whether obstructed or not) is the center of a new disturbance and acts as a 
secondary source of a new system of spherical waves; and that, further, the resulting observed disturbance 
or advancing wavefront is the algebraic sum of all the Huygens secondary waves produced from every 
such source already traversed. Competing theories of the corpuscular or particle nature of light, unlike the 
successful Huygens’s principle, were unable to account quantitatively for basic optical phenomena such 
as diffraction from apertures, wave patterns set up around obstructions, and refraction. As a result, the 
basic approach of Huygens (as developed by later theoreticians such as Fresnel and Airy in the nineteenth 
century) was widely regarded as largely correct and complete until the advances of quantum theory and 
the concept of wave-particle duality were required to explain more advanced effects.  
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Fig. 2. Comparison of Huygens and Fresnel obliquity factors (A).  
 
For a wave system where the superposition of secondary wavelets to produce the observed disturbance 
is a good description of the behavior of the wave propagation, Fresnel introduced a simple emendation 
called the “obliquity factor” that improves the accuracy of Huygens’s principle [33]. Huygens implicitly 
assumed that secondary waves in the forward direction (i.e., for which the resolved wavevector 
component parallel to the incident wavevector points in the same direction as that incident wavevector) 
have uniform amplitude over the hemisphere of secondary propagation in the same direction as the 
incident beam, but that secondary waves in the reverse direction (i.e., for which the resolved wavevector 
Direction of 
propagation 
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component parallel to the incident wavevector points in the opposite direction to that incident 
wavevector) have zero amplitude. Fresnel showed that instead assuming that the amplitude is proportional 
to the obliquity factor (1 + cos T)/2, where T is the angle to the incident propagation vector, gave more 
accurate results. A comparison of the two obliquity factors is shown in Fig. 2. Huygens alone could not 
explain why the diffraction amplitude at large angle deviations is reduced over that at small angle 
deviations, or why it is possible experimentally for a small amount of energy to be diffracted rearwards, 
but Fresnel’s obliquity factor predicts both these behaviors.  
Most treatments of wave diffraction [34] start with an axial incident beam and calculate the diffracted 
power slightly off-axis using various approximations that generally are only good for small diffraction 
angles. Developments of the classical Airy approach, following this basic model, include those by Keller 
[35] and by Sheppard and Hrynevych [36]. The situation in the Li-Baker detector is rather more extreme 
than such treatments are intended to cover, since what is needed is a (reasonably) accurate calculation (or 
estimate) of diffraction at large angles to the incident beam propagation direction. Therefore, a calculation 
using the fundamental principles of wave behavior is preferable to attempts to use small-angle 
approximations under large-angle conditions. Elementary application of Huygens’s construction shows 
that this approach readily demonstrates the possibility of diffraction towards the microwave receivers 
from a Gaussian beam.  
4. Estimate of diffraction from internal reflector  
  
Fig. 3. Diffraction from reflector embedded in Gaussian Beam.  
 
One reason for placing a microwave reflector within the GB is that this prevents reflection of 
perpendicular diffraction from the Gaussian Beam [27] onto the microwave receivers [23]. It is true that 
such a reflector will be symmetrically immersed in the GB. However, the reflector is an obstruction in the 
GB path, and so diffraction from the reflector itself is likely to be serious problem in this configuration. 
The situation is illustrated in Fig. 3. For simplicity, a uniform incident beam is assumed, and the reflector 
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is assumed planar, but neither of these assumptions will lead to a large error in estimating the diffraction 
intensity as the reflector must, for maximum sensitivity, sample the greatest intensity of the GB.  
In Fig. 3, the angle of incidence is i, and the angle of photon detection (and of diffraction) is d. The 
reflector is assumed rectangular and the length s is measured along the reflector from corner P. All points 
along the reflector (i.e., any value s > 0) act as Huygens secondary sources with equal amplitude 
governed by the Fresnel obliquity factor A. (Diffraction is not confined to the sharp edges of an 
obstruction, though edges represent discontinuities that may cause prominent effects.) This situation was 
examined briefly by Woods [27] with the result that from such a simple model reflector, the beam power 
incident on the planar reflector is multiplied by a factor of 
2
[1 cos( )]cos
2 (sin sin )
i d i
ks i d
S  

 in far field at angle d to 
the normal due to diffraction. Although this is the value corresponding to the local peak of the diffraction, 
in practice the received diffraction is unlikely to be significantly less because the microwave receiver 
itself is not a point aperture but receives a range of angles so that receiving truly zero diffracted power is 
impossible.  
 
  
Fig. 4. Angular distribution of diffracted power from reflector shown in Fig. 3. Note that the radial axis is 
logarithmic.  
 
In practice, if the reflector really is planar, the PPF will be subject to specular reflection and so the 
relation between the angles i and d is:  
i
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 12d iS  ,  (1) 
so that the power multiplier fraction becomes  
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One approach that might be attempted is to design the reflector such that this power multiplier is zero. 
This appears to be possible by setting  
 1 – sin 2i = 0,  (3) 
or i = 45q. However, a possible problem with this approach is shown by a polar plot of the angular part of 
the multiplier fraction, as shown in Fig. 4 (using a logarithmic radial scale). The large maxima at i = 135q 
and i = 315q correspond to specular reflection of the incident Gaussian beam. Although there is indeed a 
zero in the diffracted power for i = 45q, this is a cusp in the angular distribution and small deviations from 
this angle will result in significant diffracted power.  
5. Discussion  
Typical parameter values are that the wavenumber is k = 2Sf/c = 209rad/m at 10GHz, and the receiver 
distance is r = 1m. If the GB power is 1000W, 10GHz photons each have energy 0.66u10–23J, so there are 
1.5u1026 photons produced per second in the GB over the cross-sectional area of the interaction volume 
(circular, of diameter roughly 6cm).  
For a typical proposed Li-Baker detector design [23], the incident angle may be around i = 60q, the 
detection angle d = 90q – i = 30q, and the length of the reflector s = 0.1m, giving a diffracted power ratio 
of 1.4u10–5. This will be reduced a further 10 times typically to around 1.4u10–6 because of the reduced 
aperture area of the microwave receiver compared to the reflector (for the purposes of making a 
conservative estimate, focusing of the diffracted photons is assumed not to occur). The diffraction from 
the reflector must therefore be reduced by a factor around 1.3u1015 times for adequate performance. Even 
if the estimate made here of the diffracted microwave power were considerably in error, the improvement 
needed appears prodigious. Suppose, for example, that the present estimate were too large by a factor 109 
(implying gross underestimate of the cancellation of diffraction possible in practice); then, the microwave 
system must still be improved by a precision of more than a further one million times for HFRGW 
detection. A reduction of such a great magnitude seems unlikely. For example, changing the incident 
angle to grazing incidence, i = 89q, corresponding to d = 1q, reduces the power ratio only to 4u10–7, an 
improvement of just 35 times, and certainly nowhere near to that required. At present, the detector design 
with external reflectors appears more promising.  
If there are 24010 PPF photons after integrating over 1000s, the shot noise must be less than ~12000 
photons in 1000s for efficient detection. This is equivalent to a BPF of fewer than 1.5u108 photons in 
1000s. In 1000s there are 1.5u1029 photons in the GB, so it is required that the GB spillover rate to the 
microwave receivers shall be less than 1 in 1021. It seems unlikely that this could be obtained in practice 
without considerable care in design, particularly regarding direct EM breakthrough due to non-ideality of 
screening components, even if the estimates given above are accurate. Therefore, the conclusion is that 
efficient BPF screening of some kind is needed between the GB transmitter and the receivers, in addition 
to reliance on the directionality of the GB. This means lining the experimental chamber with minimally 
reflective (anechoic) materials, and also using efficient opaque screens and baffles to eliminate all 
possible direct-line and reflective (including multiply-reflective) microwave spillover [26]. Whether such 
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screening can be as efficient as required here, while nevertheless allowing the PPF to be detected, is still 
open to question, given the extreme levels of isolation required in this application.  
One possible enhancement to the basic design is to use a meta-material (MM) or fractal membrane as 
the reflector material [29,30,31]. Li et al. [25] have remarked briefly upon the reflectors in their GW 
detector design being made from fractal membranes, whose cited properties (reducing or eliminating 
diffraction) need to be examined in detail. Fractal membranes operate over a very narrow frequency band, 
defined by the dimensions of the active elements, and so are essentially “tuned” to a particular frequency 
and do not reflect all microwaves broadband as would a conventional metallic reflector. The dimensions 
of the active elements in a suitable meta-material will be on the order of the free-space wavelength, and 
so utilization in the present application, where the diameter of the GB is only a couple of free-space 
wavelengths or so, may not be straightforward. Nevertheless, the possibility of splitting a single reflector 
(as investigated in the present paper) into a series of slats, essentially a special design of fractal membrane 
intended to reduce or eliminate diffraction, is one possible avenue that could be explored to mitigate the 
problems highlighted here. This is the subject of ongoing investigation. If found to be feasible in 
principle, the important issue then is that of how precisely the multiple elements of such a meta-material 
need to be fabricated in order to give acceptable performance in the exacting application of the Li-Baker 
detector.  
6. Conclusions  
The diffraction from the reflector(s) in the Gaussian beam in previously published envisaged 
implementations of the Li-Baker detector is several orders of magnitude greater than can be tolerated if 
the detector is to be capable of detecting and investigating the cosmic high-frequency relic GW 
background radiation. The Li-Baker detector must be designed in such a way that the diffraction reaching 
the microwave receivers is reduced as far as possible by employing a suitable geometry and highly 
absorbent walls for the interaction volume. The configuration with a reflector internal to the GB performs 
very poorly in this regard. The configuration with external reflectors may perform acceptably if the 
diameter of the interaction volume is increased, though in view of the extreme levels of spillover 
prevention required it may also be necessary to utilize efficient screening as well if this configuration is to 
be realizable as a useful detector of relic HFGW.  
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